Introduction AC
motor is an electric motor driven by an alternating current (AC). The AC motor commonly consists of two basic parts, an outside stationary stator having coils supplied with alternating current to produce a rotating magnetic field and an inside rotor attached to the output shaft producing a second rotating magnetic field. The rotor magnetic field may be produced by permanent magnets, reluctance saliency or DC or AC electrical windings. Less commonly, linear AC motors operate on similar principles as rotating motors but have their stationary and moving parts arranged in a straight-line configuration, producing linear motion instead of rotation [1] .
The two main types of AC motors are classified as induction and synchronous. The induction motor (or asynchronous motor) always relies on a small difference in speed between the stator rotating magnetic field and rotor shaft speed called slip to induce rotor current in the rotor AC winding. As a result, the induction motor cannot produce torque near synchronous speed where induction (or slip) is irrelevant or ceases to exist. In contrast, the synchronous motor does not rely on slipinduction for operation and uses either permanent magnets, salient poles (having projected magnetic poles) or an independently excited rotor winding. Basically, motor come in a variety of forms. The speed controller is different for these forms. The speed controller presented here is designed to drive a three-phase induction motor i.e, VFD. Variable frequency drive (VFD) is a device that is used for controlling the speed of the three-phase induction motor [2]. The AC induction motor is a workhorse with adjustable speed drive systems. The most popular type is the 3-phase, squirrel-cage AC induction motor. It is a maintenance-free, less noisy and efficient motor. The stator is supplied by a balanced 3-phase AC power source. The synchronous speed Ns of the motor is calculated by:
Where, f is the synchronous stator frequency in Hz and P is the number of stator poles. The load torque is produced by slip frequency. The motor speed is characterized by a slip Sr:
Where, is the rotor mechanical speed in rpm and is the slip speed in rpm. From the equation of (1) and (2), the motor speed is controlled by variation of a stator frequency with the influence of the load torque. Figure-1 illustrates the torque characteristics and corresponding motor speed.
Speed Control Method of AC Motor
Variable Frequency Drive (VFD): VFD is a power electronics-based device which converts a basic fixed frequency, fixed voltage sine wave power (line power) to a variable frequency, variable output voltage used to control speed of induction motor. It regulates the speed of a three-phase induction motor by controlling the frequency and voltage of the power supplied to the motor.
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Since the number of poles is constant, the speed (Ns) can be varied by changing the frequency. Vector control, also called field-oriented control (FOC), is a variable-frequency drive (VFD) control method where the stator currents of a three-phase AC electric motor are identified as two orthogonal components that can be visualized with a vector. One component defines the magnetic flux of the motor, the other the torque. The control system of the drive calculates from the flux and torque references given by the drive's speed control the corresponding current component references [3] .
FOC is used to control the ACsynchronous and induction motors [4] . It was originally developed for high-performance motor applications that are required to operate smoothly over the full speed range, generate full torque at zero speed, and have high dynamic performance including fast acceleration and deceleration. However, it is becoming increasingly attractive for lower performance applications as well due to FOC's motor size, cost and power consumption reduction superiority [5, 6] . It is expected that with increasing computational power of the microprocessors it will eventually displace singlevariable scalar volts-per-Hertz (V/f) control.
Literature Review
Vector control of AC motors was first successfully applied by two researchers named K. Hasse and S. F. Blaschke under TU Darmstadt's research project in Germany on early 70's [7, 8] . But a fully developed theory had been depicted by W. Leonhard which was experimented in TU Braunschweig's laboratory which was focused on FoC technique and was instrumental for AC-DC drives [9, 10].
Today, this technology has become the standard control method. Vector control is implemented not only in the industrial sector but in many other fields, forming the basis of AC motor control in various motors of differing capacities including induction motors, synchronous motors, and permanent-magnet motors. For example, the world's first inverter air conditioner was developed by Toshiba in 1982 [11] , and the introduction of vector-control technology further reduced noise and power consumption. Toshiba also adopted vector-control technology in its elevators and developed the world's first invertercontrolled high-speed gearless elevator in 1983 [12], which simultaneously offered both high speed and comfort. And in the railway sector, vector-control technology allowed the development of the regenerative brake, effective to zero velocity, as well as a function to quickly respond to idle running of wheels. In recent time, G. Mauricio and his team published a conference paper on "Automatic Diagnostic System Oriented Efficiency PUMP Testing System Based on Constant and Variable Speed". In this research, the authors mainly focused on automatic pump testing where the labor and time which is wasted on conventional system can be mitigated [13] . Same as the previous research, M. Hu et al., 2019 published a research article on frequency control of an air conditioning system to control the waste energy, which is beneficial to energy consumption. This research also uses AC-DC conversion methods and FoC terminology [14] .
Although it had been considered too early and risky to adopt this technology in 500 kW machine, the drives were used in a paper plant and operated smoothly with the help of elaborate vector-control design and fine tuning. This opened up a new era of AC variable-speed motor drives. Toshiba deployed its microcomputer-based digital controls ahead of other companies, and its AC motor drives were installed in steel plants with capacities of more than 10,000 kW. As a result of Toshiba's innovation, Japan became the world leader in AC variable-speed motor drive technology and DC motors were rapidly replaced by AC motors.
Methodology
Faults Finding: There was a dc shunt motor adjusted with the centrifugal pump. The main target of the project was to control the dc shunt motor in various speed (at least two speed).
Faults Found: When the motor was inspected some faults were found which lead to change the dc motor. The faults arei. The speed controller of the dc shunt motor was damaged.
ii.
The shaft of the motor was jammed because of not running for a long time.
iii. The specification of the dc motor was unknown because there was no specification tag on the motor.
iv. It was totally impossible to choose speed controller exactly without knowing the specification. v.
To know the specification, the motor needed to repair.
vi. At the time of repairing the motor could not be run.
Because of the faults above, it was needed to change the motor. Due to present availability and economic aspects, an AC motor was selected as replacement of the dc motor.
Removal of Faults:
To remove the faults some decisions were taken, and the faults were removed replacing some parts.
i. Selection of ac motor: Because of availability and the input main of the Fluid Mechanics Lab, an AC motor was selected. A 3phase 2 hp ac induction motor was selected as replacement.
Adjustment of the shafts: The dc motor was separated from the pump and the ac motor was adjusted with the pump. To adjust, the diameter of the ac motor was decreases by turning process in a lathe machine. Then the shaft of the motor and the shaft of the pump was coupled by a coupling device.
iii. Extra leg and bearing adjustment: To level the height of the motor to the height of the pump, an extra leg was adjusted with the pump. An extra bearing was added at the adjustment position.
iv. Frame re-adjustment: To level the height of the motor with the test rig, an extra frame was added with the pump frame.
Speed Controlling Technique:
An easy way to control the speed of the motor is to control the frequency. So, frequency control method was selected to control the speed of the ac motor. A VFD was bought to control the frequency. The device can control the frequency from 10 Hz to 50 Hz. Controlling the efficiency, the speed of the motor as well as the pump was controlled successfully.
Frequency -Speed Relation:
The ac motor was consisted of two stator poles. So, from equation (1), the relation between frequency and motor speed becomes,
So, when the frequency is put to 30 Hz, the motor is running at 1800 rpm. By this drive, the motor can be rotate reversely.
Mathematical Modeling of the Problem (a)
Discharge: Discharge, Q may be measured by one of the following methods:
i. By means of a calibrated tank and stopwatch: Dividing the total volume of water collected by the time taken gives the flow rate. i.e, Q = (Total volume collected)/(Time in second)
ii. By means of a venturi meter placed in the delivery pipe:
Discharge can be calculated using the venturi meter from the following equation, Note that: Here the value of 2 − 2 2 and ∆Z are too small compared to total head. So, they are neglected. Thus, total head, H calculated from,
Which is directly obtained from the manometer reading. The head found from the manometer reading is in mm of Hg which is converted into m of H2O.
(c) Power: i. Input Power: The input power of the motor is found from the following equation,
Where,PF = 0.85 (Power Factor), V = Input voltage (in Volts), I = Input current (in A).
ii. Output Power: The output power of the pump is found from the following equation,
Where, Q = Flow rate (in m 3 /sec), H = Total head (in m of water) (d) Overall efficiency: Overall efficiency,
Experimentation
Performance Test: After all the commissioning and modification, the centrifugal pump was brought to an experiment for checking its performance. For performance test, the rpm value of the motor was changed by varying the frequency or changing the point of knob of the speed controller. Figure-3 and 4 represents the experimental system setup and the speed fixation at different speeds respectively. After setting up the motor and the VFD with the Centrifugal Pump Test Rig and removing all faults of the test rig. and measuring instruments, an experiment was performed to see that if the setup was working properly. A pump is a mechanical device for lifting a liquid by creating pressure head. The centrifugal pump is used for very large quantities at low or medium head. Figure 5 shows a typical experimental set -up with centrifugal pump.
Fig. 5: Centrifugal Pump Test Rig.
At first both the suction and delivery valves were fully closed. Priming was done then. After that the VFD was started and then the motor was run with the VFD. Then the suction and delivery valves were fully opened. Then the pump speed was set at maximum value possible using the knob or up key of the VFD. The readings to measure discharge, total head were taken one by one. The value of input current was taken using an ammeter and input voltage was taken using a voltmeter. Then the delivery valve was controlled and steps (vi) and (vii) was repeated several times up to no flow condition. Then the speed of the motor was changed and steps (vi), (vii) and (viii) were repeated at least for four different speeds. All the readings were noted on the experimental data for further calculations.
Results & Discussions
The results are given below in Table ( 1) for various speeds and discharges. From the table of result, the best efficiency was found at 3000 rpm when the discharge was low. For every speed the efficiency was decreasing with the increase of discharge except 1800 rpm.
Performance
Characteristics: Performance characteristics are very important to measure the efficiency and operation of a pump.
i. Operating Characteristic at N = 1800 rpm: The operating characteristic curve of the centrifugal pump was drawn keeping the speed of the pump constant at 1800 rpm, taking the variation of manometer head and efficiency with respect to discharge. The operating characteristic curve of the pump at 1800 rpm was shown in Figure 6 . From the curve, the head was decreasing at first. The head was maximum at zero discharge. But when the discharge was above 1.2 x 10 -3 m 3 /sec, head changes was very low with the increase in discharge. The efficiency of the pump was increasing first. The efficiency was zero at zero discharge. But when the discharge was above 1.4 x 10 -3 m 3 /sec, the efficiency did not change with the increase in discharge.
ii. Operating Characteristic at N = 2100 rpm: The operating characteristic curve of the centrifugal pump was drawn keeping the speed of the pump constant at 2100 rpm, taking the variation of manometer head and efficiency with respect to discharge. The operating characteristic curve of the pump at 2100 rpm was shown in Figure 7 . From the curve, the head was decreasing with the increase in discharge. The efficiency of the pump was increasing first. The efficiency was zero at zero discharge. But after a certain value it was decreasing with the increase in discharge.
iii. Operating Characteristic at N = 2400 rpm: The operating characteristic curve of the centrifugal pump was drawn keeping the speed of the pump constant at 2400 rpm, taking the variation of manometer head and efficiency with respect to discharge. The operating characteristic curve of the pump at 2400 rpm was shown in Figure 8 . From the curve, the head was decreasing with the increase in discharge. The head was about 6 m of water when the discharge was zero. The efficiency of the pump was increasing first. The efficiency was zero at zero discharge. But when the discharge was above 1.5 x 10 -3 m 3 /sec, it was decreasing with the increase in discharge.
iv. Operating Characteristic at N = 2696 rpm: The operating characteristic curve of the centrifugal pump was drawn keeping the speed of the pump constant at 2700 rpm, taking the variation of manometer head and efficiency with respect to discharge. The operating characteristic curve of the pump at 2700 rpm was shown in Figure 9 . From the curve, the head was decreasing with the increase in discharge. The head was about 6.5m of water when the discharge was zero. The efficiency of the pump was increasing first. The efficiency was zero at zero discharge. But when the discharge was above 1.5 x 10 -3 m 3 /sec, it was decreasing with the increase in discharge.
v. Operating Characteristic at N = 2997 rpm: The operating characteristic curve of the centrifugal pump was drawn keeping the speed of the pump constant at 2997 rpm, taking the variation of manometer head and efficiency with respect to discharge. The operating characteristic curve of the pump at 2997 rpm was shown in Figure 10 . From the curve, the head was decreasing with the increase in discharge. The head was about 7m of water when the discharge was zero. The efficiency of the pump was increasing first. The efficiency was zero at zero discharge. But when the discharge was above 2.1 x 10 -3 m 3 /sec, it was decreasing with the increase in discharge.
Conclusion
The dc motor of the centrifugal pump was not working, and the shaft of the motor was jammed. So, it was replaced by a three-phase ac motor and the speed of the motor was controlled by a VFD. It was not so easy to couple the shaft of the motor with the shaft of the pump. But the coupling was done properly and the height of the two devices adjusted very carefully. After adjusting the motor with the pump, the speed of the motor was controlled by controlling the frequency of the input current. By a VFD, the frequency was varied from 10 Hz to 50 Hz. After all the speed controller was working properly and the pump was run in various speed successfully. Due to leakage, the pump could not suck water from the reservoir. But after solving the problems of leakage, it successfully sucked water from the reservoir into outlet tank. Because of not working for a long time, all the measuring instruments of the arrangement were damaged. The damaged devices were repaired for successful reading. After assembling the setup, performance test of the centrifugal pump was done. The experimental results were satisfactory.
